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Title:  The  role  of  IKKa  in  EGFR  signaling  regulation 


1.  INTRODUCTION: 


A  Triple-negative  breast  cancer  (TNBC),  which  account  for  approximately  15- 
20%  of  breast  cancers  in  the  United  States,  lacks  the  expression  of  estrogen  receptor  (ER) 
and  progesterone  receptor  (PR)  as  well  as  amplification  of  HER2/neu  and  is  associated 
with  poorer  outcome  compared  with  other  breast  cancer  subtypes  (1-3).  TNBC  also 
overlaps  with  the  basal-like  breast  cancer,  which  is  a  subtype  of  breast  cancer  classified 
by  genomic  signatures  identified  in  the  molecular  classification,  although  they  are  not 
same  (2,  4).  Unlike  ER-positive,  PR-positive,  or  HER2-overexpressing  tumors,  the  lack 
of  well-defined  molecular  targets  and  the  heterogeneity  of  the  disease  pose  a  challenge 
for  treating  TNBC  (1,  3). 

Aberrant  activation  and  overexpression  of  the  epidermal  growth  factor  receptor 
(EGFR)  contribute  to  aggressive  tumor  behavior  and  poor  patient  prognosis  (5),  and  thus 
drugs  that  target  EGFR  are  being  used  to  treat  many  types  of  cancers.  However,  they  are 
not  as  effective  for  breast  cancer,  suggesting  that  other  mechanisms  (6,  7)  or  biological 
functions  of  EGFR  that  have  yet  to  be  discovered  may  have  important  roles  in  breast 
cancer.  Overexpression  of  EGFR  has  been  frequently  observed  in  TNBC  and  is 
associated  with  poor  clinical  outcome  in  TNBC  patients  (4,  8).  These  findings  suggest 
that  further  understanding  of  the  role  of  EGFR  is  critical  for  implementing  successful 
anti-EGFR  therapy  in  TNBC. 

In  this  study,  we  found  the  inflammation  regulator,  IKKa,  inhibits  EGFR  activity 
through  a  novel  signaling  pathway  in  breast  cancer  cells.  IKKa  binds  to  and 
phosphorylated  EGFR  at  SI 026.  Inhibition  of  IKK  activity  led  to  hyperphosphorylation 
of  EGFR  Y845  and  STAT3  705  suggesting  a  negative  regulatory  role  of  IKKa  in  breast 
cancer  cells.  Interestingly,  low  IKKa  expression  and  high  STAT3  activation  was  found  in 
TNBC  cells.  These  result  suggest  deregulation  of  IKKa  contribute  to  the  aggressive 
phenotype  of  TNBC  cell.  Altogether,  our  study  provides  novel  mechanistic  insight  of 
IKKa  mediated  EGFR  suppression  in  TNBC  cells. 

2.  RESEARCH  ACCOMPLISHMENTS  BODY 

Part  I:  Clinical  relevance  of  pEGFR  S1026  and  p-STAT3 

To  recapitulate  IKKa  mediated  EGFR  SI 026  phosphorylation,  we  purified  and 
analyzed  the  phospho-EGFR  SI 026  antibody.  As  shown  in  the  second  year’s  progress 
report,  IKKa  induces  a  nice  phosphorylation  of  EGFR  using  a  p-EGFR  SI 026  antibody. 
Mutation  of  SI  026  to  analine  (S1026A)  abolishes  IKKa  mediated  EGFR 
phosphorylation.  The  purified  anti-phospho-S1026  EGFR  antibody  specifically 
recognized  phospho-EGFRWT  but  not  EGFRS1026A  (Fig.  1A).  To  further  determine  the 
clinical  relevance,  we  analyzed  the  correlation  between  phospho-S  1 026  EGFR  and 
phosphor-Y705  STAT3  in  human  breast  cancer  tissues.  A  negative  correlation  was 
identified  between  phosho-S1026  EGFR  and  phosphor-Y705  STAT3  in  human  TNBC 
but  not  non-TNBC  tissues  (Fig.  IB  and  1C).  In  addition,  low  level  of  phosho-S1026  and 
high  level  of  phosphor-Y705  STAT3  correlated  with  a  poor  survival  in  TNBC  patients 
cohorts  (data  not  shown)  suggesting  their  important  roles  in  TNBC  proliferation. 
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Figl.  Clinical  relevance  of  pEGFR 
S1026/STAT3  (A)  Specificity  of 
antibody  against  phospho-S1026  of 
EGFR  was  determined  by  dot  blot  assay. 
Nitrocellulose  membrane  was  spotted 
with  different  amounts  of  phospho- 
S1026  peptides  or  unmodified  peptides 
and  probed  with  anti-phospho-S1026 
antibody.  (B)  Representative  IHC 
staining  images  of  phospho-S1026 
EGFR  and  phosphor- Y705  STAT3  in 
TNBC  tissues.  (C)  Correlation  between 
phospho-S1026  EGFR  and  phosphor- 
Y705  STAT3  in  TNBC. 


Part  II:  IKKa  is  downregulated  in  Triple  Negative  Breast  Cancer  (TNBC) 

As  we  report  in  the  last  year’s  progress  report,  we  examine  gene  expression 
profile  of  IKKa  (NCBI  gene  ID:  Chuk)  using  public  data  set  (CCLE)(9)  to  identify  the 
potential  STAT3  downstream  target  that  regulated  by  IKKa.  We  compared  the 
expression  profile  of  IKKa  and  60  STAT3  downstream  targets  in  breast  cancer  cells  (10). 
Among  then,  12  genes  show  negatively  correlated  with  IKKa  expression  using  CCLE. 
Nonsupervised  hierarchical  clustering  analysis  was  performed  based  on  Erbb2,  ERa 
(ESR1),  PR  (PgR)  profile.  Strikingly,  the  gene  list  was  able  to  distinguish  basal-like  from 
luminal  type  breast  cancer  cells  with  high  accuracy  (90%  properly  segregated)  (Fig.  2A). 
To  our  surprise,  IKKa  expression  was  found  to  be  downregulated  in  TNBC  cells  (Fig. 
2B).  We  also  analyzed  an  earlier  identified  STAT3  target  regulated  by  IKKa  through 
EGFR,  CCL2.  Consistently,  CCL2  was  found  to  be  upregulated  in  TNBC  cells  (Fig.  2C). 


A 


TNBC  Non-TNBC 


TMBC  NM-TNBC  TNBC  NorTNBC 


Figure  2.  IKKa  mRNA  expression  in  CCLE  56  breast  cancer  cell  lines.  (A)  Nonsupervised 
clustering  of  55  breast  cancer  cell  lines  of  EGFR  and  TNBC  signature  ( ERBB2 ,  ESR1,  and  PGR) 
genes.  A  subset  of  4  genes  showing  distinct  expression  pattern  in  TNBC  versus  non-TNBC  cell 
lines  is  shown  in  the  heatmap.  (B)  Low  expression  of  IKKa  in  TNBC  cell  lines.  (C)  Low 
expression  of  IKKa  in  TNBC  cell  lines.  (D)  Kaplan-Meier  overall  survival  curves  of  IKKa/  in 
triple  negative  breast  cancer  patient  data  set. 
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We  next  asked  if  clinical  distinct  group  of  patient  samples  also  shared  the 
differential  expression  pattern  of  IKKa.  First,  we  analyzed  IKKa  and  CCL2  genes 
expression  from  Netherlands  Cancer  Institute  (NKI)  data  set,  n— 295  (11).  To  do  this, 
patients  in  the  NKI  cohort  were  first  dichotomized  according  to  their  expression  levels. 
As  expected,  low  IKKa  and  high  CCL2  of  TNBC  patients  showed  a  significant 
difference  in  recurrence-free  survival  (RFS)  compare  to  the  rest  of  the  status.  Altogether, 
downregulation  of  IKKa  and  high  expression  of  CCL2  is  likely  contributed  to  TNBC 
aggressive  phenotype. 

Part  III:  Downregulation  of  IKKa  in  Triple  Negative  Breast  Cancer  (TNBC) 

Based  on  the  data  set  mining,  the  newly  identified  mechanism  is  likely  to  be  TNBC 
specific.  To  further  validate  the  results  from  the  database  analysis,  we  analyzed  the 
intrinsic  IKKa/STAT3  activity  and  the  alteration  of  mRNA  expression  in  TNBC  and 
non-TNBC  cells.  Consistently,  TNBC  cells  show  relatively  low  IKKa  and  high  STAT3 
activity  using  a  reporter  assay  (Fig.  3A  and  3B).  Interestingly,  the  levels  of  mRNA 
expression  CCL2  (Fig.  3C)  but  not  STAT1  (Fig.  3D)  is  significantly  increased  in  those 
TNBC  cells.  Together,  these  data  indicate  that  IKKa  mediated  EGFR  phosphorylation 
and  inhibition  is  restricted  in  TNBC  cells.  Downregulation  of  IKKa  in  TNBC  cells 
results  in  the  activation  of  EGFR/Src/STAT3  loop  and  therefore  activates  STAT3 
downstream  target  CCL2  (Fig.  3E). 


Figure  3.  Validation  of  IKKa/EGFR/STAT3  in  TNBC  cells.  (A)  Low  expression  of  IKKa  in  TNBC 
cells.  TNBC  and  non-TNBC  cells  were  transfected  with  the  IKKa  targeting-Luc.  The  luciferase 
activity  was  measured  and  normalized  according  to  Renilla  luciferase  activity.  (B)  STAT3  is  highly 
activated  in  TNBC  cells.  TNBC  and  non-TNBC  cells  were  transfected  with  the  Iye6-Luc  and  measured 
by  luciferase  activity.  The  mRNA  expression  of  CCL2  (C)  and  STAT1  (D).  (E)  Proposed  model  of 
mechanism.  Low  expression  of  IKKa  in  TNBC  cells  results  in  EGFR/Src/STAT3  activation  for  their 
aggressive  phenotype. 
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Part  IV :  inhibition  of  Src  activity  sensitize  TNBC  cells  to  TKI 

Sorafenib  (Nexavar,  BAY43-9006),  a  multi-kinase  inhibitor,  inhibits  Src  mediated 
STAT3  activation  in  many  type  of  cancer  cells.  However,  sorafenib  alone  is  not  effective 
in  breast  cancer  cells  and  has  an  unacceptable  toxicity  at  high  doses.  Because  gefitinib 
alone  is  not  enough  to  kill  breast  cancer  cells  due  to  reported  resistance  in  breast  cancer 
cells,  we  tested  the  combination  of  sorafenib  and  gefitinib  in  to  determine  if  sorafenib 
sensitizes  TBNC  cells  to  gefitinib.  The  combined  treatment  of  gefitinib  and  sorafenib 
synergistically  suppressed  cellular  proliferation  in  TNBC  cells  such  as  MDA-MB-231 
and  MDA-MB-468  (Fig.  4A  and  4B)  but  not  in  non-TNBC  cells  such  as  MCF7  and 
T47D  cells  compared  to  either  inhibitor  alone  (data  not  shown). 


Part  V:  Tumor  necrosis  factor  alpha-induces  EMT  required  p65-mediated 
transcriptional  upregulation  of  Twistl.  Supported  by  DoD  funding,  the  PI  has 
accomplished  another  project  unraveling  tumor  microenvironment-mediated  breast 
cancer  metastasis. 

In  the  past  three  DoD  funding  years,  we  also  identify  that  chronic  exposure  of 
pro-inflammatory  cytokine,  TNFa,  in  induces  breast  cancer  cells  EMT  phenotypic 
changes  and  sternness,  and  subsequently  identified  Twistl  as  a  novel  modulator  of  this 
regulation  (12).  Our  results  unravel  the  NFicB-mediated  Twistl  upregulation  as  a  novel 
therapeutic  strategy  for  breast  cancer  treatment.  In  fact,  this  report  has  brought  a  lot  of 
attention  in  the  cancer  research  field.  One  year  non-self  citation  of  this  particular  paper  is 
now  exceeding  30  times. 

Part  VI:  Phosphorylation  of  Twistl  by  AKT1  Modulates  Epithelial-Mesenchyme 
Transition  in  Breast  Cancer  Cells.  Supported  by  DoD  funding,  the  PI  also  serves  as 
first  author  of  another  manuscript  related  to  Triple  Negative  Breast  Cancer  (TNBC) 
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treatment  (see  attached  abstract  and  figures). 

Accumulating  evidence  from  both  cellular  and  genetic  studies  suggests 
AKTl/PKBa  serves  as  a  negative  regulator  of  EMT  during  breast  cancer  metastasis.  In 
this  study,  we  found  that  AKT1  induced  a  phosphorylation-dependent  ubiquitination  and 
degradation  of  Twistl,  engages  the  proteasome  to  Twistl -mediated  EMT  regulation.  Our 
findings  reveal  a  novel  molecular  concept  by  which  non-specific  inhibition  of  AKT  may 
result  in  Twistl  stabilization  to  increase  the  metastatic  potential  in  breast  cancer  cells. 
This  manuscript  is  now  under  revised  in  Cancer  Cell.  The  PI  has  used  the  past  five  month 
to  address  reviewer’s  questions  and  is  now  ready  to  response  to  Cancer  Cell. 

Part  VII:  EGFR  Associates  with  and  Primes  GSK3J3  for  its  Inactivation  and  Mcl-1 
upregulation.  Supported  by  DoD  funding,  the  PI  also  serves  as  first  author  of 
another  manuscript  related  to  Triple  Negative  Breast  Cancer  (TNBC)  treatment 
(see  attached  abstract). 

In  studies  with  endogenous  GSK3P  association  complex,  we  identified  EGFR  as  a 
novel  GSK3p-interacting  protein,  which  phosphorylates  GSK3P  and  inhibits  GSK3P 
activation.  We  revealed  that  GSK3p’s  activity  is  stringently  modulated  by  a  previously 
unknown  and  reversible  modification,  ubiquitination  through  a  distinct  TRAF6  binding 
motif  of  GSK3p.  The  essence  of  PE  motif  for  enhancing  GSK3P  activity  suggested 
TRAF6-mediated  K63  ubiquitinaiton  is  involved.  Furthermore,  TRAF6  activates  GSK3P 
activity,  thereby  affecting  GSK3P  dependent  apoptosis.  Altogether,  we  demonstrate 
EGFR  associates  with  and  phosphorylates  GSK3p,  which  primed  inactivation  of  GSK3P 
by  inhibiting  TRAF6-mediated  ubiquitination,  resulting  in  Mcl-1  upregulation. 


3.  CONCLUSION 

EGFR,  as  an  essential  growth  and  survival  factor,  plays  an  important  role  in  many 
cancer  types.  The  modification  patterns  of  EGFR  are  critical  for  its  function  and  the 
understanding  of  these  EGFR  modifications  could  help  us  design  the  optimal  therapeutic 
strategies  for  targeting  various  EGFR-associated  cancers  and/or  non-cancerous  diseases. 
We  herein  identified  a  novel  posttranslational  modification  of  EGFR  which  plays  an 
indispensable  role  in  regulation  of  EGFR  signaling  pathways.  We  found  that  IKKa  is 
responsible  for  EGFR  S1026  serine  phosphorylation.  SI 026  phosphorylation  of  EGFR 
negatively  impacts  its  synergic  interaction  with  Src.  Similar  to  other  serine/theronine 
phosphorylation  on  the  EGFR,  phosphorylation  by  IKKa  downregulates  EGFR  signaling 
and  thereby  diminishes  cell  growth  and  tumorigenesis. 

The  third  year  research  is  focusing  on  the  pathological  identification  of  the  novel 
signaling  in  breast  cancer  cells.  Using  CCLE  dataset  analysis,  we  first  identified  a 
negative  correlation  of  IKKa  and  TNBC  cells.  We  went  on  to  identify  CCL2  as  a  novel 
downstream  target  of  IKKa/EGFR/STAT3  signaling  axis.  Biochemical  analysis 
consolidates  the  involvement  of  CCL2  in  TNBC  cells.  We  also  analysis  two  patient  data 
set  and  found  out  the  poor  prognosis  of  low  IKKa  and  high  CCL2.  This  result  provides 
the  first  evidence  showing  the  inhibitory  nature  of  IKKa  in  both  cell  based  study  and 
patient  samples. 
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In  conclusion,  the  proposed  experiments  by  the  PI  have  accomplished.  In  the  past 
three  years,  the  PI  identified  the  novel  phosphorylation  on  EGFR  by  IKKa  at  SI 026. 
Functional  analysis  indicate  IKKa  trigger  a  negative  regulation  by  interfering  EGFR/Src 
interaction.  Database  analysis  further  suggests  the  inhibitory  nature  of  IKKa  in  TNBC 
cells  and  therefore  possesses  high  level  of  STAT3  activity  and  CCL2  expression.  In 
addition,  we  also  breed  M M T V- 1 K K a  / EGFR  mice  in  FVB  background.  Indeed,  our 
preliminary  data  indicate  that  mice  lack  of  IKKa  accelerate  hyperplastic  lesion  (please 
second  year  report).  As  the  animal  facility  at  MD  Anderson  cancer  center  has  recently 
undergo  rederivation  process,  we  have  request  no  cost  extension  to  collect  more  MMTV- 
IKKa'YEGFR  mice  to  reach  statistical  significance. 


4.  FUTURE  WORKS: 


The  MMTV-hEGFR  transgenic  mice  developed  mammary  epithelial  hyperplasias, 
hypertrophy,  or  slight  dysplasias  in  about  55%  of  mammary  glands  of  animals  examined. 
Since  the  inhibition  of  IKKa  results  in  hyperactivation  of  EGFR  to  provide  a  survival 
advantage  for  cancer  cells,  we  plan  to  create  conditional  knock  out  of  IKKa  in  mammary 
gland  and  cross  with  EGFR  overexpression  mice  to  measure  tumor  onset.  The  age  of  the 
mouse  in  which  mammary  tumor  is  first  palpable  will  be  recorded  and  tumor  size  will  be 
measured.  Although  our  preliminary  data  indicate  that  mice  lack  of  IKKa  accelerate 
hyperplastic  lesion,  deletion  of  IKKa  enhances  EGFR  mediated  tumorigenesis  remains 
unknown.  We  are  now  breading  more  IKKa/EGFR  mice  to  reach  statistical 
significance. 


5.  NO  COST  EXTENSION: 


To  ensure  adequate  completion  of  the  originally  approved  project,  the  PI  requested  no 
cost  extension  of  grant  number  W81XWH-10-1-0598  for  a  period  of  twelve  months, 
commencing  (09/14/2013)  and  ending  on  (09/14/2014). 

As  the  animal  facility  of  MDACC  underwent  conversion  to  specific-pathogen-free  (SPF) 
status  similar  to  the  CSPF  status  we  had  in  the  basement  of  the  BSRB.  The  institution 
required  that  all  animals  in  this  area  that  need  to  be  maintained  undergo  a  rederivation 
process  to  clean  up  the  strain.  This  work  has  done  by  our  Genetically  Engineered  Mouse 
Facility  (GEMF)  and  the  whole  rederivation  process  has  taken  over  twelve  month  to 
finish.  Owing  to  this  unexpected  situation,  the  PI  needs  to  collect  the  rest  of  the  data  of 
transgenic  mice  experiments.  Once  the  results  are  collected,  the  data  will  be  evaluated  for 
publication.  Therefore,  an  extended  research  period  is  required. 

6.  KEY  RESEARCH  ACCOMPLISHMENTS:  2012-2013 

a)  Complete  biological  function  of  EGFR  S1026A  in  vivo.  New  data  is  not  included  in 
the  third  year  report. 

b)  Identification  of  IKKa  as  negative  regulator  in  Triple  Negative  Breast  Cancer  cells. 
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c)  Characterization  of  phospho-EGFR  SI 026  antibody.  EGFR  SI 026  phsophorylation  is 
negative  correlated  with  p-STAT3  in  TNBC  cells 

d)  Identify  CCL2  as  IKKa/EGFR/STAT3  downstream  target.  CCL2  is  highly  expressed 
in  the  TNBC  cells. 

e)  Sorafenib  and  Gefitinib  show  combinatory  effect  in  treating  TNBC  cells. 

f)  Two  papers  related  to  Triple  Negative  Breast  Cancer  (PI  is  the  first  author)  have 
either  been  revised  or  ready  for  submission. 
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SUMMARY 


Epithelial-to-mesenchyme  transition  (EMT)  is  an  essential  physiological  process  that 
promotes  cancer  cell  migration,  invasion,  and  metastasis.  Several  lines  of  evidence  from  both 
cellular  and  genetic  studies  suggest  AKTl/PKBa  serves  as  a  negative  regulator  of  EMT  and 
breast  cancer  metastasis  while  AKT2  and  AKT3  generally  act  as  oncogenes  to  promote 
tumorigenesis.  However,  the  underlying  mechanism  by  which  AKT1  suppresses  EMT  remains 
poorly  defined.  Here,  we  demonstrate  that  Twist  1  phosphorylated  by  AKT1  is  required  for  |T 
TrCP-mediated  Twist  1  ubiquitination  and  degradation.  The  clinically  used  AKT  inhibitor  MK- 
2206,  which  possesses  higher  specificity  toward  AKT1,  stabilizes  Twistl  and  enhances  EMT  in 
breast  cancer  cells.  This  adverse  effect  can  be  overcome  by  combinatory  therapy  of  MK-2206 
and  resveratrol  to  induce  P-TrCP  mediated  Twistl  degradation. 
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